In recent years, renewable energy based power plants, especially wind and solar farms are increasingly installed and operated for electric power generation. Uncertainty nature associated to the generated power of these power plants, arisen from variability of wind speed or solar radiation, effects on different aspects of power system such as reliability, operation, dynamic and so on. Energy storages in connection with renewable power plants can reduce the variability and uncertainty nature of these renewable resources. In recent years the flow batteries such as vanadium redox (VR) with large capacities are developed and so in this paper effect of this largecapacity energy storages on the reliability performance of power system containing large-scale wind and photovoltaic (PV) farms are investigated. The renewable energy-based power plants and also energy storages are different from conventional units, so, for study of power system containing these resources new methods and techniques must be developed. To this end in this paper for reliability evaluation of renewable-energy based power system containing energy storage, an analytical approach is proposed. This approach can be employed both in planning and also operation studies of the power system when large scale wind and photovoltaic farms with energy storages exist. Data associated to wind speed of Manjil and solar radiation of Jask regions both in Iran are utilized for studying the reliability evaluation of RBTS and also IEEERTS in planning phase.
INTRODUCTION
Renewable energies specially wind and solar, are increasingly used in the power system because of the availability, clean and no pollutant nature and free operation cost of them. The output power of wind and photovoltaic (PV) farms is dependent on the wind speed and solar radiation. Since the wind speed and also the solar radiation continuously change and are not accurately predictable, the output powers of these renewable resources are variable. To overcome this challenge and for reducing the intermittency of the output power of these resources, energy storages such as batteries [1] [2] [3] [4] [5] [6] [7] [8] , pumped storage [9] , a system containing water electrolyze, hydrogen tank and fuel cell [10] [11] [12] [13] [14] [15] , ultra-capacitor [16] , superconducting magnetic energy storage [17] , compressed air energy storage [18] and flywheel [19] can be used in connection with these power plants. Amongst these storages, flow batteries such as vanadium redox type are made in large capacities and can be used in large-scale power system [8] .
The intermittent nature associated to the output power of renewable resources, effect on the different aspects of power system such as reliability, power quality and so on that can be investigated. To this purpose, new methods and techniques must be developed. Power system reliability is one of the important aspect that used in planning and operation studies of the power system. In this paper an analytical approach for reliability evaluation of renewable-energy based power system containing battery storage is suggested. For reliability evaluation of power system containing renewable resources and energy storages many efforts have been done, but more of these works are related to the reliability evaluation of the renewable energy-based power system containing battery storage in the isolated, hybrid or distributed generation systems [1] [2] [3] [4] [5] [6] [7] . Besides in these papers, Monte Carlo simulation method is used for load, wind and solar generation modelling. In [8] , reliability evaluation of power system containing wind farms and vanadium battery storages in HLI is investigated. In this paper, Monte Carlo method is used for simulation of wind output power, load and the state of battery. However the long time consumption and the large required volume of memory are the main drawback of this technique. In this regard this paper proposes an analytical approach which does not have these difficulties.
The main idea of this paper is developing a multi-state reliability model for renewable resources connected to the energy storage. Since, the operation of the energy storage is dependent on the operation of renewable units, the reliability model is not independently developed to renewable units. Based on this model, simultaneously, the system composed of the renewable units and battery storages in one block, is modeled. The proposed reliability model would be similar to the conventional units, but with derated states. For determining the suitable number of states and also the capacity of them, it is utilized from the robust fuzzy c-means clustering method. The resulted multi-state reliability model associated to the system including renewable resources and battery storages can be used for reliability evaluation of power system in HLI in planning or operation phases.
STRUCTURE OF VANADIUM REDOX BATTERIES
The power range kW-MW, energy storage capacity kWh-10 MWh, high efficiency more than 75 percent, long life time 10-20 years, deep discharge ability, fast response, environmental friendly nature, full charging and de-charging capacity in very short time, charging and decharging cycle more than 10000 times, lead to the growth of vanadium redox batteries application in recent years [20] [21] [22] [23] . Due to the good performance and high storage capacity of these batteries resulted from 30 years researches, in the future, the frequent use lead acid batteries may be replaced by these VR batteries. The structure of a VR battery is shown in Figure 1 . As can be seen in this figure, the VR battery electrochemically store or release electrical power by the valence change of the species in the electrolyte that circulate through the cathode and the anode, which are separated by an ion exchange membrane. The total reaction is occurred in the two main tanks and the stored electrolytes are reserved in the two large tank. The electrolytes are circulated between small and large tanks by a pump [20] [21] [22] [23] .
The total VR, anode and cathode reactions are given in (1), (2) and (3), respectively. The VR batteries are composed of several cell modules and each module is composed of several single cells that is shown in Figure 2 . (1)
The output power of the VR battery is DC and for transferring the electrical power between VR battery and the AC grid, an inverter and also a control unit for determining the charge or decharge states are required. 
THE RELIABILITY MODEL OF VR BATTERIES
The Marco model of an element with up and down states is shown in Figure 3 . In this model the element is failed (transferred from up state to the down state) with failure rate λc and is repaired (transferred from down state to the up state) with repair rate µc [24] . In this paper this two-state reliability model is considered for different components of a VR battery including cells, inverter and control unit. The failure of each three components results in the failure of system and so from reliability point of view, these components are in series with each other (as shown in Figure 4 ) and the reliability parameters of the equivalent model are determined by (4) [24] .
THE RELIABILITY MODEL OF THE SYSTEM COMPOSED OF THE RENEWABLE-BASED FARM CONNECTING TO THE VR BATTERY
The efficiency of storing electrical energy in the VR battery and transferring the power to the grid in the de-charging state is less than 100 percent and storing the generated power of conventional units with high operation costs is not economic. However with growth of penetration level of renewable resources such as wind and solar farms with free operation cost, it is economic that stores the electrical energy of wind and photovoltaic (PV) farms in the VR batteries when the power generation of these renewable energy-based units is more than the required loads. In this circumstance the extra power of wind and PV farms is stored in the VR battery and when the generated power of renewable energy-based units with free operation costs is less than the required loads, these batteries are de-charged and supplied the existing loads. Thus, the operation of the VR battery is dependent on the operation of renewable energy-based farms and in this paper the reliability model of a system containing the wind or PV farms connecting to the battery storages is developed.
For reliability modelling of the system containing renewable resources connected to the energy storage, the hourly output power of the system in one or more years must be available. When the reliability model of the system, based on the historical output power of the system, is determined, the limitation of the system including failures of the components of renewable units and storage system, efficiency of the storage system, maximum and minimum capacity of the battery, charging and de-charging speed of the battery are simultaneously considered.
The historical data of the output power of the system has numerous different values resulted in a reliability model with numerous states that is not suitable for reliability evaluation of the power system. For decreasing the number of the states and capacity determination of these states, a robust clustering method must be employed. In this paper, fuzzy C-means clustering method is used and the optimum number of states and the capacity of these states are determined by optimization of the objective function given in (5) [25] . 
In (5), n output powers are clustered into the C clusters, where x k is the output power of the system in hour k, v i is the center of ith cluster, uik is Fuzzy degree to which x k belongs to the ith cluster.
For adequacy studies of a power system containing the renewable resources connected to the VR battery energy storage, capacity outage probability table (COPT) of the generation system composed of the two-state reliability model of conventional units and multi-state reliability model of the system containing wind or solar unit connected to the VR battery as shown in Figures 5 and 6 is achieved. Convolving the resulted COPT of the system (generation model) and the load model, the adequacy indices of the system can be determined. The calculated adequacy induces can be used for generation expansion planning of the power system containing the renewable resources connected to the largecapacity VR batteries.
NUMERICAL RESULTS
In this section the adequacy studies of two well-known test systems i.e. RBTS and IEEE-RTS when wind and PV farms connected to the VR batteries are added to these systems are performed. The specification of the renewable farms is considered as below:
• Wind farm: a 30 MW wind farm with failure and repair rates 5 and 87.6 occ./yr, composed of the 6 turbines V90, is considered to be installed in Manjil region of Iran. The historical wind speed data of the Manjil region in 2014 is presented in Figure 7 . The output power of the farm can be determined based on the power curve of the turbine Vestas90.
• PV farm: a 100% reliable 30 MW PV farm is considered to be installed in Jask region of Iran and generated the nominal power in solar radiation 900 W/m 2 . The historical solar radiation data of Jask region in 2014 is presented in Figure 8 .
• VR batteries: two 5 MW VR batteries with capability of 10 MWh stored energy and efficiency 75%, composed of 500 batteries with 10 kW capacity are connected to the wind and PV farms. The failure and repair rates are considered to be 0.5 and 87.6 occ./yr. and the up and low capacities of the battery are not limited.
Conventional generation Load Energy storage
Wind farm Since the historical data of the system containing wind farm connected to the VR battery and also the PV farm connected to the VR battery are not available, in this paper, generation of output power of the system is done by Monte Carlo simulation with 100 years' time span. In this simulation the IEEE-RTS load pattern as shown in Figure 9 is used.
The resulted data from the Monte Carlo simulation is used as input data of the FCM technique and the reliability models of system containing wind farm connected to the VR battery and also PV farm connected to the VR battery are extracted and shown in Table 1 . This reliability model can be used for adequacy studies of two test systems.
RBTS CASE STUDY
The RBTS is composed of 11 generation units with total capacity 240 MW. The specification of generated units and reliability parameters of them is given in [26] . The load duration curve is considered to be a straight line from 100 to 60 percent of the maximum peak load. For adequacy evaluation of the system three cases are considered as below: case 1 is the original RBTS and in cases 2 and 3, respectively a 30 MW wind farm connected to the 5 MW VR battery and a 30 MW PV farm connected to the 5 MW VR battery are added to the RBTS. Two important indices i.e. loss of load expectation (LOLE) and expected energy not supplied (EENS) considering different peak loads, are calculated and shown in Tables 2 and 3 . As can be seen in these tables, addition of the re- 
IEEE-RTS CASE STUDY
The IEEE-RTS is a large power system and can be modeled as a real power system in compare to the RBTS. In this part adequacy studies of this system with addition of the renewable energy-based farms connected to the VR batteries is performed. The specification of the IEEE-RTS generation units is given in [27] . In this stage three cases as below are considered: case 1 is the original IEEE-RTS and in cases 2 and 3, respectively a 30 MW wind farm connected to the 5 MW VR battery and a 30 MW PV farm connected to the 5 MW VR battery are added to the IEEE-RTS. The LOLE and EENS of three cases are calculated and presented in Figures 10 and 11 . As can be seen from these figures, the reliability of power systems is improved with addition of the renewable energy-based generation units connected to the large capacity VR batteries. 
CONCLUSIONS
In this paper an analytical method is introduced for adequacy analysis of a power system containing the large-scale renewable energybased farms connected to the large capacity VR batteries. Due to the uncertainty nature of wind speed and solar radiation, the output power of wind and PV farms are variable in times and so for decreasing the intermittency of these farms, energy storages can be connected to these plants. In this paper VR batteries with high capacity connected to the wind and PV farms, are considered; and a multi-state reliability model based on the output power historical data is developed for them. This model is used for adequacy studies of RBTS and IEEE-RTS when wind and PV farms connected to the VR batteries are added to them. The COPT of the system is constructed from the two-state reliability model of conventional units and multi-state reliability model of system composed of wind or PV farms connected to the VR batteries. For reducing the number of the states in the reliability model of renewable energy-based farms, fuzzy C-means clustering method is employed and the number of clusters as well as the capacity of the states is determined.
It is deduced from the numerical results that addition of the large-scale renewable energybased power plants can improve the reliability indices of the power system when the VR batteries are connected to them. 
